The objective of t h i s paper i s t o perform an impact analysis of the Interim Storage Cask (ISC) o f the Fast Flux Test Facility (FFTF) f o r a 4-ft end drop. concrete cask used t o store spent nuclear fuels. The analysis i s t o j u s t i f y the impact force calculated by General Atomics (General Atomi cs , 1994) using the ILMOD computer code. ILMOD determines the maximum force developed by the concrete crushing which occurs when the drop energy has been absorbed. The maximum force, multiplied by the dynamic load factor (DLF), was used t o determine the maximum g-level on the cask during a 4-ft end drop accident onto the heavily reinforced FFTF Reactor Service Building's concrete surface. For the analysis, t h i s surface was assumed t o be unyielding and the cask absorbed a l l the drop energy. This conservative assumption simplified the modeling used t o qualify the cask's structural i n t e g r i t y for t h i s accident condition.
DISCLAIMER
Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. VERIFICATION ABSTRACT. The objective of t h i s paper i s t o perform an impact analysis of the Interim Storage Cask (ISC) o f the Fast Flux Test Facility (FFTF) f o r a 4-ft end drop. concrete cask used t o store spent nuclear fuels. The analysis i s t o j u s t i f y the impact force calculated by General Atomics (General Atomi cs , 1994) using the ILMOD computer code. ILMOD determines the maximum force developed by the concrete crushing which occurs when the drop energy has been absorbed. The maximum force, multiplied by the dynamic load factor (DLF), was used t o determine the maximum g-level on the cask during a 4-ft end drop accident onto the heavily reinforced FFTF Reactor Service Building's concrete surface. For the analysis, t h i s surface was assumed t o be unyielding and the cask absorbed a l l the drop energy. This conservative assumption simplified the modeling used t o qualify the cask's structural i n t e g r i t y for t h i s accident condition.
The ISC i s a
Because the impact analyses were based on the maximum g-levels calculated in a simplified approach, i t i s necessary t o verify whether the r e s u l t s are acceptable and conservative. Therefore, an independent impact analysis was performed t o determine the maximum force using the general-purpose finite-element computer code (ABAQUS, 1994; ANSYS 1993) .
A four-el ement reduced-scal e model using both ANSYS and ABAQUS was developed t o verify the model ing approach. B o t h r e s u l t s agreed very well. The axisymmetric full-size finite-element model was devel oped and analyzed using the ABAQUS code without modeling the detailed structural components, fuel section, loose parts and gaps. However, different values of Modulus of Elasticity were used t o simulate a more compact structure. This approach i s conservative since i t r e s u l t s in a larger impact force.
The r e s u l t s indicated t h a t the impact force calculated by two f u l l s i z e models was higher than the maximum force used by General Atomics (GA). However, the impact force calcul ated by another'model using the concrete properties was l e s s than t h a t used by GA. Because the models used for t h i s analysis are conservative, the g-levels used by GA f o r the design analysis are acceptabl e.
INTRODUCTION
Spent nuclear fuel shipping containers are designed t o handle the transportation between d i f f e r e n t f a c i l i t i e s . However, there were no unique design of a container t h a t may handle d i f f e r e n t level of spent f u e l . Thus, i t requires a safety analysis almost for each individual designed container. In order t h a t the s t r u c t u r e s u f f e r s no catastrophic damage following the accident without radioactive release, i t i s essential t h a t the container should be qualified f o r impact analysis.
The local e f f e c t s resulting from structural impact depend on the material properties and s t i f f n e s s of both the impacter and the t a r g e t , and on the impacter weight, shape, s i z e , and impact velocity. The complexities were further enhanced by large i n e r t i a e f f e c t s , buckling, warping, and i n e l a s t i c constitutive relationships t o predict reasonable responses of t h e composite materials, a l l of which lead t o gross deformation. Lack of understanding of the probabl e f a i 1 ures modes and coll apse mechanisms associated with the impacted structural system represents a major impediment f o r successful modeling representation using e i t h e r f i n i t e difference or f i n i t e element techniques. Destructive t e s t i n g of scale model container o f f e r s one means o f identifying t h e regions and modes o f collapse. However, d i f f i c u l t i e s always a r i s e t o reconcile the t e s t results from those predicted by f i n i t e element technique t o say nothing of obtaining a comparable r e s u l t s based on the approximated theoretical formulas.
The paper describes an impact analysis of the Interim Storage Cask (ISC) o f the Fast Flux Test F a c i l i t y (FFTF) f o r a 4 -f t end drop using the general -purpose f i n i te-element computer code (ABAQUS, 1994; ANSYS 1993) . The r e s u l t i s t o j u s t i f y t h e impact force calculated by General Atomics (General Atomics, 1995) using the ILMOD computer code. ILMOD determines the maximum force developed by the concrete crushing which occurs when the drop energy has been absorbed. The maximum force, multiplied by the dynamic load f a c t o r (DLF), was used t o determine the maximum g-level on the cask during a 4-ft end d r o p o n t o an unyielding surface so as t o qualify the cask's structural integrity.
A four-el ement reduced-scal e model using b o t h ANSYS and ABAQUS f'inite element computer code was developed t o verify t h e model ing approach. Both r e s u l t s agreed very well. The axisymmetric f u l l -s i z e f i ni te-el ement model was devel oped and analyzed using the ABAQUS code without model i ng the detai 1 ed structural components, fuel section, loose parts and gaps. However, d i f f e r e n t values of Modulus of E l a s t i c i t y were used t o simulate a more compact structure. This approach i s conservative since i t r e s u l t s in a l a r g e r impact force.
The results indicated t h a t the impact force calculated by two f u l l s i z e models was higher than the maximum force used by General Atomics (GA). However, the impact force calculated by another model using the concrete properties was l e s s than t h a t used by GA. the models used for t h i s analysis are conservative, the g-levels used
. by GA f o r the design analysis are adequate.
Because

PROBLEM DISCUSSION
The analyses performed by GA applied a simplified quasi-static method based on D'A1 embert ' s principle to substitute equivalent static forces for inertial forces created by the impact. treated the cask as a rigid body ignoring the flexibility of the falling body. The difference between calculating the peak dynamic oscillatory response for impact analysis and the impact force predicted by quasi-static method is accounted for by applying the DLF. The method applied by GA using static properties of the material may be justified on the basis that any dynamic effects which would increase the decelerating force would also increase the strength of the material resisting the decelerating force. This approach has a limitation when the results were applied to oblique impact cases.
This method
The problem of impact analysis between two bodies is to determine the duration o f impact and the contact force. The duration of -impact consists of the combination of the three phases, namely, a t h e phase of penetrations a t h e phase of reaction at t,, the phase of release at t,, as described in Tschedi (1921) and Andrews (1930). The duration of impact and the contact force are related by the Principle of Conservation of Momentum as described in Goldsmith (1960). Once the duration of impact and impact force have been determined, the deformation responses may be used to compute the stress and strain distributions.
at t,, and
The ratio of these three intervals are nearly constant for a given material and independent of the initial velocity. For a given impact velocity the magnitude of dynamic force will decrease as the target fl exi bi 1 i ty increases (or target thickness decreases).
Increase of target flexibility will also increase contact duration and decrease the area of contact. For infinitely thick and rigid target, impact force will increase.
Analytical calculations for impact analysis for even a simple geometry have insurmountable mathematical problems. Simp1 ified assumptions have to be made to avoid the mathematical difficulties. Finite-element analysis has rendered the approximate solution of impact probl em tractabl e. mounting computer time and core storage are required to obtain a converged solution. Therefore, a conservative and simp1 ified approach is required to solve the impact problem.
However ,
The impact process is really much more complicated than that conceived by general notion of compression. The possible simultaneous existence of zones of sticking and sliding at the contact surface makes the stress and strain distribution nonuniform and induces nonuniform strain rate distributions in the axial direction.
The concrete bottom surface under impact may be subjected to pulverization or spa1 1 ing depending on its crushing strength and the impact vel oci ty . For small vel oci ty impact, such as that occurs from a 4-ft drop, spalling or crushing of the concrete will occur on the concrete at the outside o f the reinforcing bar region near the surface. The reinforced steel in the concrete still retains the abi 1 i ty to confine the concrete mass and its shielding capability.
ANALYSIS METHOD
f i n i te-element computer codes (ABAQUS, 1994 , ANSYS 1993 t o perform the impact analysis. The r e s u l t s were compared with those from GA f o r the 4-ft end drop. end drop generally represents the s t i f f e s t orientation with the highest deceleration loads, while the center-of-gravity-over-bottomcorner drop produces the greatest deformations and localized bending stresses.
This analysis used nonlinear The
The nonlinear analysis may give a s e r i e s of solutions depending on the modeling approach, therefore, a simp1 e reduced-scal e problem was f i r s t analyzed t o gain some insight and confidence in the computer code capability without burning too much computer time.
Each computer code has unique input requirements and applies different s o l u t i o n procedures.
ANSYS requires longer time input t o s t a b i l i z e the structure before achieving the f u l l contact between the structure and the target. No unique c r i t e r i a e x i s t t o apply the time step s i z e and the total time t o predict the actual contact. ABAQUS inputs the impact velocity directly, which makes the model inputs more accurate and simple. The nonlinear analysis may give a series of sol uti ons depending on the model i ng approach; therefore, a simple reduced-scal e probl em was analyzed f i r s t t o gain some insight and confidence in the computer code capability without using t o o much computer time.
Two d i f f e r e n t finite-element models were developed. A simple reduced-scale model, with increased density t o simulate the total weight of the cask, was developed using the ABAQUS and ANSYS codes. The r e s u l t s of the simple analyses may be compared. The f u l l -s i z e axi symmetri c model s were devel oped f o r b o t h codes t o perform the impact analysis. These models applied the different material properties t o simulate the concrete outer s h e l l , inner fuel section and part of the impact 1 imi t e r . are tabulated in Table 1 .
The materi a1 s used
ABAQUS Model
The four-el ement reduced-scal e model and the axisymmetric f u l l -s i z e finite-element model, as shown in Figures 1 and 2 , were analyzed using the ABAQUS code. Both model s were run using reasonable computer times compared with the ANSYS time. The four-element model uses eight-node solid elements w i t h gap elements as the contact elements with gap closed ini t i a1 l y .
Three axi symmetri c f u l l -si ze ABAQUS models, using the 4-node axisymmetric sol id elements, were developed f o r analyses so t h a t the r e s u l t s could be compared. Models A and B were developed t o be structurally more s t i f f e r t o obtain the higher impact force. Because the r e s u l t s were much higher than t h a t predicted by GA (1995).
0 Model C was developed t o reconcile the r e s u l t s predicted by GA (1995) . Model C i s also an axisymmetric model with gap elements b u t used concrete Young's Modulus, concrete compression yield s t r e s s , and increased density t o simulate the total weight of the cask.
ANSYS Model
A four-el ement reduced-scal e model using 8-node solid elements, as shown in Figure 3 , was analyzed using the ANSYS code with scaled-up density t o simulate the total weight of the cask. The axisymmetric f u l ls i z e solid element model simulating the cask using the ANSYS code required more than 70 hours of computer time on CEA2 work station and could n o t reach numerical convergence. Therefore, the impact analysis using the ANSYS code was abandoned. Table  2 compares the reaction forces f o r the four-element reduced-scale ANSYS and ABAQUS model. The node reaction forces appear t o have distributed unevenly on the bottom nodes in the ANSYS model whi 1 e ABAQUS r e s u l t s have an uniform distribution. The user-defined s t i f f n e s s input for gap elements in the ANSYS model i s the key parameter and may contribute t o the differences. However, the total impact force i s in close agreement f o r both models even though 'different boundary conditions were appl i ed .
DISCUSSION OF RESULTS
Reduced
The reduced-scal e f i n i t e -
Full -Si ze Model
The ABAQUS f u l l -scale axisymmetric finite-element model i s shown in Figure 2 . The reaction forces on a l l the bottom nodes f o r Models A, B y and C are tabulated a t Tables 3 , 4 and 5, respectively. The force-time h i s t o r i e s of a l l the bottom nodes in ABAQUS analyses using gap and interface elements as the contact elements for Models A, B y and C are plotted in Figures 4, 5, and 6, respectively.
Because the force-time histories represent the variation of forces over a f i n i t e period of contact, a time-average impact force F was computed as follows:
where: and f ( t ) i s the calculated contact force a t time t.
T i s the contact duration, Tables 3 and 4 show t h a t the time-averaged impact force was calculated a t 242.6g and 262.09 f o r Models A and B, respectively. I t i s seen that Model B calculates the impact force a t 8 percent higher than that of Model A. In compari son, the Model A accel e r a t i on (242.6g) i s 38 percent higher than t h a t calculated by GA (175.8g) (1995) . When considering the modeling conservatism, i . e . , no concrete properties modeled, the actual impact forces f o r the cask are expected t o be lower than the model predicted.
By comparing further with t h e . r e s u l t s from GA (1995) , an analysis was performed using Model C which applied the same concrete properties and yield strength as those used by GA. The force-time h i s t o r i e s of a l l the bottom nodes in ABAQUS analyses using Model C are plotted in Figure  6 . This approach makes Model C more structurally f l e x i b l e than t h a t of Model s A and B. As a r e s u l t , the time-averaged impact force was calculated a t 10,925 kips (96g), shown in Table 5 , which i s l e s s t h a n those calculated by Models A and B. In terms o f acceleration, Model C i s 45 percent lower than the maximum accel e r a t i on (175.8) cal cul ated by GAY including the dynamic load factor. Because the contact surface following the accident condition occurs mostly on the concrete surface, lower impact force may be expected with large deformation. Thus, the maximum impact force used by GA to perform the static equivalent analysis is judged acceptable.
Increasing the impact force may result in concrete crushing or spalling outside the reinforced region near the surface. The reinforced steel retains the ability to confine the concrete mass and its shielding capability.
CONCLUSION
Analyses of the reduced-scale model using ANSYS and ABAQUS code verified the modeling approach for impact analysis. The results of impact analyses using the ABAQUS models A and B demonstrated that the impact force acting on the bottom nodes is higher than that used by General Atomic to structurally qualify the Interim Storage Cask under 4 ft end drop accident condition. However, modeling conservatism and very high stiffness built into the computer models A and B in the analysis overpredicted the impact force. Thus, models A and B predicted higher impact forces than that used by GA for design analysis. However, Model C calculates the impact force lower than that used by GA. Because of the conservatism in the analyses, the impact force used by GA in performing the design analyses is conservative. 
